A search for the occurrence of the rare p-helix was performed with Iditis from the Oxford Molecular Group upon the Protein Data Bank. In 8 of the 10 confirmed crystal structures that harbor the p-helix, its unique conformation has been linked directly to the formation or stabilization of a specific binding site within the protein. In the discussion to follow, the role for each of these eight p-helices will be addressed in regard to protein function. It is clear upon closer examination that the conformation of the p-helix has evolved to provide unique structural features within a variety of proteins.
Helices are a predominant, recurring form of secondary structure found in proteins that are stabilized by repetitive hydrogen bonds between the carbonyl oxygen~CO! and the amide nitrogen~NH! groups within the polypeptide chain. The number of residues~i ! and atoms~x! per single turn defines each type of helix. Two of the first helices hypothesized to occur in proteins were the a-helix or 3.6 13 -helix, where i ϭ 3.6 and x ϭ 13, and the g-helix or 5.1 17 -helix, where i ϭ 5.1 and x ϭ 17~Pauling & Corey, 1951!. In conjunction with the a-and g-helices of Pauling and Corey, Donohue hypothesized the 2.2 7 -helix, the 3 10 -helix, the 4.3 14 -helix, and the 4. Both the a and 3 10 -helices are represented in numerous reported protein crystal structures, with the a-helix being the most abundant. Of the additional helices postulated by Donohue, only the p-helix has been reported. Of these three helical conformations, the p-helix is represented least within protein crystal structures. The a-helix has a periodicity of 3.6 residues per turn and forms hydrogen bonds of the i to~i ϩ 4! nature, where the residue i contributes its carbonyl oxygen and the~i ϩ 4! residue contributes its amide nitrogen atom to form the hydrogen bond pair that is recurrent throughout the helix. The 3 10 -helix is more tightly wound than the a-helix and is characterized by an i to~i ϩ 3! hydrogenbonding pattern.
The 3 10 -helix has been reported as the fourth most common form of secondary structure in proteins behind a-helices, b-sheets, and reverse turns~Barlow & Thornton, 1988; Rohl et al., 1992!. The p-helix is more loosely constructed than the a-helix via the i to~i ϩ 5! hydrogen-bonding pattern between carbonyl oxygen and nitrogen backbone atoms. A single turn of p-helix contains 16 atoms, and thus the p-helix is defined as a 4.4 16 -helix. Figure 1 illustrates views parallel and perpendicular to the 3 10 , a, and p-helical elements. The conformation of the p-helix has been postulated to be disfavored for three reasons:~1! the dihedral angles are unfavorable~Low & Greenville-Wells, 1953; Ramanchandran & Sasisekharan, 1968 !;~2! the 1 Å hole at its center is wide enough to create a loss of van der Waals interactions, but too narrow to accommodate a water molecule for compensation; and 3! four residues need to be correctly aligned to allow the collinear i to~i ϩ 5! hydrogen bond~Rohl & Doig, 1996!.
To identify structures with potential p-helices, a search of the Brookhaven Protein Data Bank was performed using Iditis from the Oxford Molecular Group. Of the 6,015 entries at Brookhaven, Iditis identified 17 unique coordinate files with a region of p-helix. Of these 17 entries, four entries were eliminated, three because they were derived from NMR techniques and one because the p-helix was located at the N-terminus. To further substantiate the presence of each p-helix, all coordinate files selected by Iditis were filtered through the Kabsch and Sander algorithm within PROCHECK and viewed using the molecular graphics program Õ Kabsch & Sander, 1983; Jones et al., 1991; Laskowski et al., 1993 !. Hydrogen bond distances were manually measured using the "Distance" utility within O.
Algorithms like those used within PROCHECK and Iditis, which are employed to identify secondary structural features within coordinate files, must use some method of pattern recognition. PROCHECK and Iditis both utilize the Kabsch and Sander algorithm to predict secondary structure. Kabsch and Sander~1983! base their secondary structure selection criteria upon the presence of an electrostatic interaction between the two hydrogen bonding partners, CO and NH, within the "n-turn" or "bridge" region of the coordinate file. Repetitive hydrogen bonds between the CO group of residue i and the NH group of residue~i ϩ n!, where n ϭ 3,4 or 5 define "n-turns," while bridges are defined by hydrogen bonds between non-nearby residues. Repetitive turns where n ϭ 4 are defined as a-helix, while repeating bridges generate b-structure.
Of the remaining 13 entries from the Iditis search, 10 were shown to contain p-helices based upon the Kabsch and Sander 1983! algorithm within PROCHECK and manual display within O~Jones et al., 1991; Laskowski et al., 1993 !. It is not apparent at this time why three of the entries from the Iditis search were not flagged by PROCHECK. From the final 10 entries, eight nonhomologous protein structures were shown to have p-helices involved in defining specific binding sites:~1! fumarase C~1FUO, deposition date 8029096!;~2! glycogen phosphorylase b~1PYG, deposition date 707092!;~3! lipoxygenase~2SBL, deposition date 7022093!;~4! immunoglobulin light-chain dimer~3MCG, deposition date 509089!;~5! nitrogenase~2MIN, deposition date 120200 96!;~6! catechol-o-methyltransferase~1VID, deposition date 1050 96!;~7! photoreactive yellow protein~2PHY, deposition date 40120 95!; and~8! serine carboxypeptidase~1BCS, deposition date 110 3095!. There seems to be a very high correlation between the occurrence of a p-helix and its involvement in forming specialized binding sites within proteins. In the discussion to follow, the p-helix will be shown to establish unique structural features within the eight crystal structures listed above. The two structures that have p-helices where no clear connection can be made to a binding site are methane monooxygenase~1MMO, deposition date 2022094! and cytochrome B5 reductase~1NDH, deposition date 10031094!.
Results: p-Helix structure0function relationship in fumarase C:
While using PROCHECK~Laskowski et al., 1993 ! to analyze the coordinates for crystalline fumarase C~1FUO! from Escherichia coli, residues His129 through Asn135 were flagged as having hydrogen bonding characteristics consistent with a p-helix~Weaver et al., 1995!. Figure 2A illustrates the position of the p-helix in relation to the two anion-binding sites within fumarase C. The top anion-binding site is the active site and has been illustrated bound to the competitive inhibitor citrate. The bottom anion-binding site has been termed the activator site, and it has been depicted bound to the substrate, l-malate~Weaver & Banaszak, 1996!. The start of the p-helix within fumarase C has been illustrated by the hydrogen bond between His129-O and Val134-NH. There have been two functions proposed for the p-helix within fumarase C:~1! it generates the majority of the putative activator site and~2! through a series of hydrogen bonds, it provides a direct pathway of communication between the active and activator sites~Weaver & Banaszak, 1996!. Previous published results have shown that the electron density within this region of the map becomes highly disordered in the absence of bound activator~Weaver et al., 1998!.
First, as depicted in Figure 2A , the p-helix forms part of the putative activator site in fumarase C by providing hydrogen bonding donors for the incoming substrate, l-malate, in the form of nitrogen backbone atoms donated by Asn131 and Asp132. In turn, His129 provides a separate hydrogen bond to the other end of l-malate.
Second, the conformation of the p-helix provides a hydrogen bond that confers a direct pathway of communication between the two anion-binding sites. As can be seen from Figure 2A , a network of hydrogen bonds proceeds from the bottom of the activator site up to the active site water W-26. This highly-coordinated active the a-helix is positioned in the center, while the p-helix is at the right-hand side. All three of these helices are from the 1FUO crystal structure and the numbering is based upon the fumarase C amino acid sequence. Hydrogen bonds between the backbone carbonyl oxygen and the backbone nitrogen are represented as dashed lines in the figure. All atoms have been colored by type, where light gray ϭ carbon, dark gray ϭ nitrogen, and black ϭ oxygen. Ferrin et al., 1988; Huang et al., 1991!. site water has been proposed to be one of the catalytic bases used during the fumarase reaction mechanism~Weaver & Banaszak, 1996!. Of particular interest at the activator site is the final p-helix residue, Asn135. It makes an important bridging hydrogen bond to Asn103 that subsequently hydrogen bonds to the active site residue, T100.
p-Helix structure0function relationship in glycogen phosphorylase: The activity of glycogen phosphorylase is regulated by allosteric and covalent interactions and dependent upon cellular energy needs~Fletterick & Madsen, 1980!. Glycogen phosphorylase is also dependent upon the covalently bound cofactor, pyridoxal 59-phosphate~PLP!, for activity~Graves & Wang, 1972!. The aldehyde group of PLP forms a Schiff's base with the E-amino group of K680, and subsequent reduction of the Schiff 's base linkage has little affect upon the overall catalytic rate of glycogen phosphorylase. Two roles have been postulated for the PLP phosphate during catalysis:~1! it acts as an acid-base catalyst during the protonation0deprotonation of the phosphate group of substrate~Klein et al., 1982!, and~2! it acts as an electrophile by securing the oxygen atom of the phosphate leaving group~Withers et al., 1982!.
The active site residues Arg569 and Lys574 provide the positive potential for the phosphate of substrate and their position is shown in Figure 2B . As the incoming phosphate from substrate binds, it interacts noncovalently with the 59-phosphate of PLP. Although the conformational flexibility of Lys680 is spatially restricted by its burial within the active site, there seems to be an additional, rather specific interaction provided by the p-helix of glycogen phosphorylase.
Upon examination of the active site constituents, within the 1PYG crystal structure, the p-helix was shown to lie very near Lys680 as shown in Figure 2B . Two~i ϩ 5! hydrogen bonds have been drawn in Figure 2B to emphasize the position of the p-helix in relation to the bound PLPP. The first hydrogen bond is illustrated between Pro488-O and Val493-NH. Trp491, which is one of the residues within the p-helix, has been illustrated in Figure 2B and it lies directly above Lys680. In this conformation, Trp491 is able to provide a confluent surface of van der Waal's contacts with Lys680. The van der Waal's surfaces for both Trp491 and Lys680 have been represented as a network of points in Figure 2B . The interactions between Trp491 and Lys680 may provide a specific stabilizing force that is necessary to maintain the position of Lys680-PLP, thereby allowing its 59-phosphate to interact with the phosphate of substrate. In this manner, the position of Lys680-PLP is stabilized via Trp491 within the p-helix of glycogen phosphorylase.
p-Helix structure function relationship in lipoxygenase: Lipoxygenases are enzymes that contain a nonheme iron and utilize molecular oxygen during the hydroperoxidation of lipids containing one or more cis,cis-pentadiene moieties. All lipoxygenase family members examined to date have been shown to contain one atom of nonheme, nonsulfur iron that is essential for activity~Steczko et al., 1992!. Spectroscopic studies have further shown that ligands to the iron atom contain both nitrogen and oxygen atoms~Dunham et al ., 1990; Gaffney, 1996 !. All of the lipoxygenase members have five conserved histidines that span a region of 38 amino acids. A portion of this region is shown in Figure 2C , where two of the five conserved histidines are closely tied to its p-helix. Based on the 2SBL crystal structure, it has been determined that the two histidines involved in the p-helix, His499 and His504, also form two of the five ligands to the iron atom~Boyington Minor et al., 1993!. Figure 2C displays the active site iron atom in coordination with its five ligands: His499-NE2, His504-NE2, His690-NE2, Asn694-OD1, and Ile839-COO. The bonding distances between these atoms and the iron atom are: 2.3, 2.2, 2.3, 3.2, and 2.2 Å, respectively. Figure 2C also displays the location of the p-helix in relation to the iron atom, as evidenced by the i tõ i ϩ 5! hydrogen bonds drawn as dashed lines between Leu496-O0Leu501-NH and Met497-O0Asn502-NH. As illustrated by Figure 2C , the unique conformation of the p-helix enables the proper positioning of both His499 and His504 to form the necessary bonds to the active site iron. In fact, the 2SBL structure has been described to contain a second p-helix, which again contains an invariant histidine, His690~Boyington et al., 1993!. In conjunction with His499 and His504, His690 provides the third ligand to the iron atom. However, upon further examination, Ile685 through His690 failed to be defined as p-helix by PROCHECK~Laskowski et al., 1993!. It is clear from the structures to date that the lipoxygenase family of enzymes uses three of the five conserved histidines to form ligands to the active site iron atom. The conformations for at least two of these histidines, His499 and His504, has been shown to be defined by the unique conformation of the p-helix stretching from Leu496 through Asn502.
Other p-helices: A series of five kinemage files have been included to accompany the hardcopy manuscript. These five kinemage files describe unique structural contributions within the p-helices of the remaining crystal structures: catechol-o-methyltransferase~1VID!, serine carboxypeptidase~1BCS!, photoactive yellow protein~2PHY!, immunoglobulin light chain dimer~1MCC0 3MCG!, and nitrogenase~2MIN!. The related kinemage files are: 1weaver.kin~catechol-o-methyltransferase, 1VID!, 2weaver.kin~ser-ine carboxypeptidase, 1BCS!, 3weaver.kin~photoactive yellow protein, 2PHY!, 4weaver.kin~immunoglobulin light chain dimer, 3MCG!, and 5weaver.kin~nitrogenase, 2MIN!. The kinemage files have been designed to interactively illustrate the structural contribution the p-helix makes within each related active0binding site.
Discussion: Definitive roles for the p-helices of 1FUO~fumarase C!, 1PYG~glycogen phosphorylase b!, and 2SBL~lipoxygenase! have been illustrated within Figure 2A -C. Kinemage files have been included to illustrate the p-helices within 1VID~catechol-omethyltransferase!, 1BCS~serine carboxypeptidase!, 2PHY~photo-active yellow protein!, 1MCC03MCG~immunoglobulin lightchain dimer!, and 2MIN~nitrogenase!. In the case of fumarase, the p-helix seems to provide a dual role:~1! it forms a portion of the activator site, and~2! it mediates a critical bridging hydrogen bond between each activator and active site.
For glycogen phosphorylase, the position of Lys680-PLP seems to be stabilized by nonspecific interactions with the p-helix member, Trp491.
In the lipoxygenase crystal structure, the conformation of the p-helix enables His499 and His504 to act as ligands to the nonheme, nonsulfur iron atom, which is required for activity.
In the case of catechol-o-methyltransferase, the p-helix provides critical bonds that position the active site Mg 2ϩ atom, which in turn positions the substrate for methylation.
The serine carboxypeptidase active site uses the p-helix members Glu65 and Tyr60 to provide essential ionic and hydrogen bond interactions that confer the ability to bind substrate and position the active site nucleophile, Ser145.
For the photoactive yellow protein, the unique conformation of the p-helix orients Cys69 in the correct position to form the essential thioester linkage with the HC4 chromophore in the active site.
In the light chain dimer structures~1MCC03MCG!, the p-helix may provide a mode for conformational flexibility at the V-V interface in response to ligand binding. In this manner, the p-helix, under stereochemical strain, is able to absorb the affects of ligand binding by undergoing slight conformational changes that disrupt its normal hydrogen-bonding pattern. This pattern of structural instability is supported from studies on T4 lysozyme~Shoichet et al., 1995!. In the T4 lysozyme studies, a series of mutations were engineered at active site residues involved in either catalysis or substrate binding. In most of these mutant forms of the enzyme, activity was essentially abolished, while thermostability was enhanced. These findings were summarized by the idea that enzyme active site residues are not positioned for stability, but rather poised for movement to promote catalysis.
In the nitrogenase crystal structure~2MIN!, the p-helix is positioned between Ser67 and Gly73. Just upstream from S67~a p-helix hydrogen-bonding member! is C62. C62 provides one of the sulfur ligands to the P cluster. In turn, the P cluster is thought to transfer electrons from the Fe-protein to the substrate reduction site at the FeMo cofactor within nitrogenase~Peters et al., 1997!. Again, as in the other structures discussed, the p-helix within nitrogenase seems involved in helping form a specialized binding site. Table 1 has been included to summarize the location, length, and hydrogen bond number within each of the eight p-helices discussed within the manuscript and0or kinemage files. In general, the p-helices tend to be one and one-half turns with two i tõ i ϩ 5! hydrogen bonds. A recent search of the Protein Data Bank has tagged a number of coordinate files with rare p-helices. Upon closer examination of the representative coordinate files, eight of the confirmed p-helices were discovered to assist in forming specialized binding sites. The rare and unique secondary structure of the p-helix provides functional properties within certain protein binding sites. In this regard, the p-helix provides an elegant connection between the structure and function paradigm.
Supplementary material in Electronic Appendix: A series of kinemages files have been included that illustrate various p-helices within the protein crystal structures not fully discussed within the manuscript. The kinemage files are as follows: 1weaver.kin, 2weav-er.kin, 3weaver.kin, 4weaver.kin, and 5weaver.kin. These files illustrate the p-helices of catechol-o-methyltransferase, serine carboxypeptidase, photoactive yellow protein, l-light chain dimer, and nitrogenase, respectively. See also Borstahl et al., 1995; Ely et al., 1989; Liao et al., 1992; Vldgren et al., 1994 . V58-A-W-G-A-S-E-E65 1.5 2 a The coordinate files represent in order: 1FUO, fumarase C; 1PYG, glycogen phosphorylase; 2SBl, soybean lipoxygenase; 3MCG, l-light chain dimer; 2MIN, nitrogenase; 1VID, catechol-o-methyltransferase; 2PHY, photoreactive protein; 1BCS, serine carboxypeptidase.
